A new double-moment bulk cloud microphysics scheme, the Weather Research and Forecasting (WRF) Double-Moment 6-class (WDM6) Microphysics scheme, which is based on the WRF Single-Moment 6-class (WSM6) Microphysics scheme, has been developed. In addition to the prediction for the mixing ratios of six water species (water vapor, cloud droplets, cloud ice, snow, rain, and graupel) in the WSM6 scheme, the number concentrations for cloud and rainwater are also predicted in the WDM6 scheme, together with a prognostic variable of cloud condensation nuclei (CCN) number concentration. The new scheme was evaluated on an idealized 2D thunderstorm test bed. Compared to the simulations from the WSM6 scheme, there are greater differences in the droplet concentration between the convective core and stratiform region in WDM6. The reduction of light precipitation and the increase of moderate precipitation accompanying a marked radar bright band near the freezing level from the WDM6 simulation tend to alleviate existing systematic biases in the case of the WSM6 scheme. The strength of this new microphysics scheme is its ability to allow flexibility in variable raindrop size distribution by predicting the number concentrations of clouds and rain, coupled with the explicit CCN distribution, at a reasonable computational cost.
Introduction
In general, there are two distinct approaches to modeling cloud microphysics in atmospheric models: the explicit bin-resolving method and the bulk method. Binresolving microphysics models explicitly calculate the particle size distribution and therefore provide more rigorous solutions than bulk models. However, the computational cost associated with bin microphysics remains a restriction for atmospheric models in weather forecasts and climate prediction. Thus, the bulk microphysical parameterization scheme, a relatively simple and computationally efficient approach that predicts several drop size distribution (DSD) moments rather than the DSD itself, has been applied in mesoscale and even some GCM models.
The bulk microphysics scheme can be classified into two different methods: a single-moment approach and a multiple-moment approach. The single-moment bulk microphysical scheme predicts only the mixing ratios of the hydrometeors by representing the hydrometeor size for each class with a distribution function, such as an exponential function or a gamma type (Kessler 1969; Wisner et al. 1972; Lin et al. 1983; Rutledge and Hobbs 1983; Cotton et al. 1986; Dudhia 1989; Tao and Simpson 1993; Walko et al. 1995; Kong and Yau 1997) . Meanwhile, the double-moment bulk microphysical scheme predicts not only the mixing ratio of the hydrometeors but also their number concentrations (Ziegler 1985; Murakami 1990; Ikawa and Saito 1991; Wang and Chang 1993; Ferrier 1994; Meyers et al. 1997; Reisner et al. 1998; Cohard and Pinty (2000a, hereafter CP2000; Seifert and Beheng 2001; Morrison et al. 2005 ; Thompson et al. 2008 ). Many of the double-moment schemes predict the number concentration for the limited hydrometeor species but not all of them. For example, the Thompson scheme predicts the number concentration only for cloud ice and rain. The number concentration for warm species is diagnosed in Reisner et al. (1998) , whereas CP2000 only address double-moment warm-rain microphysics. The cloud number concentration is diagnosed in Morrison et al. (2005) in the public-release version of the Weather Research and Forecasting (WRF).
The double-moment approach for the bulk microphysics scheme, which allows more flexibility of the size distribution enabling the mean diameter to evolve in contrast to the single-moment approach, has become a promising method to improve the microphysical processes in the mesoscale modeling area; even though it requires more computational time than the single-moment approach. The double-moment microphysics scheme also requires cloud condensation nuclei (CCN) information when the CCN number concentration is predicted. Studies have shown the superiority of the double-moment approach in simulating precipitating convective clouds even though the strength of these double-moment schemes relies on the accuracy of the representation of several microphysical processes (Cohard and Pinty 2000b; Lee et al. 2004 ; Thompson et al. 2004; Milbrandt and Yau 2005; Phillips et al. 2007; Luo et al. 2008; Morrison et al. 2009 ). This type of scheme with prognostic equations of the raindrop number concentration is able to produce large drops in a reasonable concentration for a heavily precipitating rainband compared with the single-moment scheme. Cohard and Pinty (2000b) mentioned that an even greater flexibility in bulk microphysical schemes could be offered by considering the time evolution of the cloud droplet concentration through a double-moment approach. Lee et al. (2004) showed empirically that estimating moments of a particle size distribution derived from two given moments is superior to using only a single moment from the data analysis of several convective and stratiform drop size distributions. Morrison et al. (2009) further demonstrated that in an idealized 2D storm experiment, the double-moment scheme enhances the precipitation activities in the trailing stratiform region, whereas the convective activities in the convection core region are weakened because of differences in the rain evaporation rate through variable raindrop size distribution.
The purpose of this study is to develop a new doublemoment bulk microphysics parameterization of clouds and precipitation to be applicable in mesoscale and general circulation models. The new scheme is called the WRF double-moment 6-class (WDM6) microphysics scheme because only double-moment warm-rain microphysics, which predicts the number concentration of cloud and rainwater, are added into the corresponding singlemoment scheme-that is, the WRF single-moment 6-class (WSM6) scheme (Hong et al. 2004; Hong and Lim 2006) . The ice-phase microphysics of Hong et al. (2004) are identical for both the WDM6 and WSM6 schemes. Recognizing the importance of cloud-aerosol interaction in cloud microphysics and radiative properties (Ramanathan et al. 2001; Wang 2005; Khain et al. 2008 ), a prognostic treatment of CCN particles is introduced for the new scheme to activate cloud waters. An idealized 2D storm test bed is designed to differentiate the simulated storm morphology using the WDM6 and WSM6 schemes along with the intrinsic differences between the two schemes. In addition, CCN the effects on the cloud/raindrop properties and surface precipitation are investigated. This paper is organized as follows: Section 2 describes the proposed scheme, the numerical experimental setup for the 2D storm test is presented in section 3, and the results are discussed in section 4. The concluding remarks are given in the final section.
WDM6 scheme a. General remarks
The WDM6 scheme is the extended version of the WSM6 because it adds the prognostic number concentration of cloud and rainwater together with the CCN; thus, prognostic water substance variables include water vapor, cloud, rain, ice, snow, and graupel for both the WDM6 and WSM6 schemes. The microphysical properties of the WDM6 scheme are demonstrated in Fig. 1 . Each source-sink term in Fig. 1 for the prediction of warm-phases number concentration is described in the appendix, and the list of symbols is provided in Table A1 The ''Prevp_rc'' term in the green circle in Fig. 1a is responsible for the conversion of raindrops to the cloud droplets based on the study of Khairoutdinov and Kogan (2000) .
The formulation of warm-rain processes such as autoconversion and accretion in the WDM6 scheme is based on the studies of CP2000. For other source and sink terms in warm-rain processes, the formulas in the WSM6 scheme were adopted; however, even if the same formula is applied, the terms work differently from the terms in the WSM6 scheme because of the predicted N C and N R , which in turn influence the ice processes indirectly.
The cloud-raindrop size distributions in the present scheme are assumed to follow the normalized form and can be expressed as
where the index X 2 [C, R] in Eq.
(1) represents clouds or rain. Here, l X is the corresponding slope parameter, whereas n X and a X are the two dispersion parameters. Also, N X and D X represent the predicted total number concentration and diameter of the drop category X, respectively. All microphysical processes in the WDM6 scheme are calculated using the particle size distribution from Eq. (1). The variable slope parameter for X is given by
where dispersion parameters for the size distribution of rain are chosen as n R 5 2 and a R 5 1, and for the cloud water size distribution n C and a C are chosen as 1 and 3, respectively, based on the report of CP2000. Meanwhile, the WSM6 follows the exponential size distribution for rain, which is represented as
Figure 2 compares the raindrop size distributions represented as Eq. (1) for the WDM6 and as Eq. (3) for the WSM6. The N R for the WSM6 scheme is not predicted and thus is approximated by the relation of N R 5 N 0R /l R . With N 0R (58 3 10 6 m
24
) and q R (51 g kg
21
) in the WSM6 scheme, N R approximately becomes 3.6 3 10 3 m 23 , which is same to the WDM6 scheme. Thus, the raindrop size distribution with respect to the diameter for the two schemes can be compared as plotted in Fig. 2 . The WSM6 scheme shows a monotonic decreasing trend of the number size distribution n R (D R ) as the diameter of the raindrop increases, whereas the WDM6 scheme shows the maximum diameter size at approximately 300 mm, which decreases at the edge of the diameter range for prescribed N R and q R . The gray line in Fig. 2 corresponds to the minimum diameter of the raindrop, 82 mm, where all raindrops are converted into cloud droplets by the evaporation of rain in the WDM6 scheme.
The governing equation of the number concentration for each species is given by
where the first and second terms in the rhs represent the 3D advection and sedimentation for X, respectively. The term S X represents the source and sink of number concentration for X The number-weighted-mean terminal velocity, which is responsible for the sedimentation of the rain number concentration in Eq. (4), can be obtained by integrating the terminal velocity of rainwater, which is expressed as FIG. 1 . Flowchart of the microphysics processes for the prediction of (a) the mixing ratios and (b) the number concentrations in the WDM6 scheme. The terms with red (blue) colors are activated when the temperature is above (below) 08C, whereas the terms with black color are in the entire regime of temperature. The added term compared with the WSM6 scheme is circled in green in (a). Number concentrations of the species in the green box in (b) are only predicted in the current scheme.
FIG. 2. Raindrop size distribution for the WDM6 (solid) and WSM6 (dashed) physics, with respect to the raindrop diameter. We assumed r a 5 1.0 kg m 23 , r W 5 1000 kg m 23 , N R 5 3.6 3 10 3 m 23 , and q R 5 1.0 3 10 23 kg kg
. The gray line corresponds to 82 mm.
where the terminal velocity V R (D R ) for a rain particle with diameter D R is based on the equation determined by Locatelli and Hobbs (1974) and is expressed as
b. CCN activation
One of the distinct features in the WDM6 microphysics scheme is that the activated CCN number concentration n a is predicted and formulated by the drop activation process based on the relationship between the number of activated CCN n a and supersaturation S W (Twomey 1959; Khairoutdinov and Kogan 2000) , which enables a level of complexity to be added to the traditional bulk microphysics schemes through the explicit CCN cloud-drop concentration feedback. Twomey's relationship between n a and S W is represented as n a 5 CS W k . If we define S max as the supersaturation needed to activate the total particle count n 1 N C , where n is the total CCN number concentration and N C is the cloud droplets number concentration, then C can be represented as C 5 (n 1 N C )S Àk max . Thus, the number of activated CCN can be expressed as the following:
where k is the parameter (50.6 in this study) following the observation with a typical range from 0.3 to 1.0 (Khairoutdinov and Kogan 2000) . An idealized CCN spectrum is used based on the Twomey-type CCN size distribution in Eq. (7), not the detailed trimodal distribution. In the current microphysics scheme, the nucleation process is computed just before the condensation process for the growth of cloud water; the S max is set to 0.48%. Martin et al. (1994) proposed the S max of 0.35% 6 0.13% for the continental-type mass. The preliminary results from the present study demonstrated that the simulated results are not sensitive to the magnitude of S max from 0.22% to 0.8%. The ''Pcact'' term in Fig. 1a is responsible for the CCN activation process. Using the relationship of M C N C 5 r a q C , the production rate of the cloud water mixing ratio by the CCN activation can be expressed as
where r act is the initial radius assumed to be the radius for activated droplets, which is set as 1.5 mm. Khairoutdinov and Kogan (2000) found that the results were relatively insensitive to changes in r act in a range of 1-2 mm. The Ncact represents the generation rate of N C by the CCN activation process. In addition, the complete evaporation of cloud drops is assumed to return corresponding CCN particles to the total CCN count. Any other CCN sink-source terms, except for the CCN activation and droplet evaporation, are neglected in the WDM6 scheme. The initial value of the CCN number concentration was chosen as 100 cm 23 in this study. With the method presented using Eq. (7), the treatment of CCN activation remains the weakest link in the present scheme because this process is derived from a simplified form of the Kohler equation, which requires accurate treatment of the supersaturation. In coarse-resolution simulations, supersaturation is generally not resolved in a grid box; thus, two different regimes addressing the droplet activation process should be taken into account: a high-resolution approach with resolved supersaturation and the relatively large-scale approach with nonresolved supersaturation (Morrison et al. 2005) . However, the authors will address this topic in a future study. Further details about the CCN activation process, including the issues in the initial CCN number concentration, are described in the appendix.
c. Autoconversion and accretion processes
Autoconversion parameterization in CP2000 is based on the numerical simulation of the stochastic collection equation suggested by Berry and Reinhardt (1974) , which is built on the observation that a characteristic water content L of small drops develops steadily over a characteristic time scale and can be calculated from the t and expressed as
These two positive quantities can be expressed as Here, s C represents a standard deviation of cloud droplet distribution. For the given cloud conditions, a mean mass autoconversion rate L/t can be computed only if s C . 15 mm, whereas sthe WSM6 adopts the autoconversion parameterization suggested by Tripoli and Cotton (1980) , which is expressed as Eq. (A38) in Hong and Lim (2006) . In regards to the accretion process, the method of CP2000 obtained by an analytical integration of stochastic collection equation is adopted and expressed as
if D R $ 100 mm, and (10.1)
Figure 3 compares the production rates of the autoconversion process between the WDM6 and WSM6 schemes with respect to the cloud water mixing ratio and corresponding number concentration. The rate in the WSM6 shows a more rapid increase than in the WDM6 as the cloud-mixing ratio increases (Fig. 3a) . However, the WDM6 scheme shows a rapid conversion rate from existing cloud droplets to rain in the presence of a small number concentration of cloud water (Fig. 3b) . The accretion rate obtained from the two different schemes was found to behave very similarly with respect to the mixing ratios and number concentration (data not shown).
Major differences in the warm-rain microphysics between the WDM6 and WSM6 schemes are summarized in Table 1 .
d. Computational procedures
In the WDM6 scheme, sedimentation fluxes for both N R and q R are computed. Thus, differential settling between drops can be simulated. The sedimentation process of N R is computed before the source-sink terms. Meanwhile, the sedimentation fluxes of falling N C are neglected, as in q c . The freezing-melting processes, which account for the rain and cloud water number concentrations, are considered during the fall-term substeps as in the WSM6 microphysics scheme. The saturation mixing ratios over water and ice are calculated directly, and CCN activation and condensation occur under supersaturated conditions. The CCN activation is computed just before the condensation-evaporation process of cloud water to ensure that any supersaturated water vapor does not pass to the dynamical process.
For other detailed computational procedures refer to Hong and Lim (2006) .
Numerical experimental setup
The model used in this study is the Advanced Research WRF version 3.0.1 (ARW; Skamarock et al. 2008) , which was released in August 2008. The WRF is well suited for a wide range of applications, from idealized research simulations to operational forecasting, and has the flexibility to accommodate future enhancements.
The 2D idealized thunderstorm experiment was designed to systematically distinguish the intrinsic differences between the WDM6 and WSM6 schemes by the virtue of fixed initial conditions and the fact that FIG. 3 . Production rate of the autoconversion process for the WDM6 (solid) and WSM6 (dotted) physics with respect to (a) cloud water mixing ratios (with assumptions of N C 5 300 cm 23 and T 5 285 K) and with respect to (b) cloud water number concentrations (with assumptions of q C 5 1.0 3 10 23 kg kg 21 and T 5 285 K). In the WSM6 scheme, the autoconversion process is activated when q C is greater than the critical value of q C . Autoconversion takes place similarly only if s C . 15 mm in the WDM6 scheme. There is no rain generation below 0.65 3 10 23 of q C in both runs.
microphysics is the only physical parameterization included. The authors of the present study followed the experimental design of Morrison et al. (2009) , which compares storm characteristics. The grid in this direction comprised 601 points with a 1-km grid spacing. The number of vertical layers was 80. The model was integrated for 7 h with a time step of 5 s. The initial condition included a warm bubble with a 4-km radius and a maximum perturbation of 3 K at the center of the domain. A wind with a velocity of 12 m s 21 was applied in the positive x direction at the surface; its velocity decreased to zero at 2.5 km above the ground with no wind above. Open boundary conditions were applied and there was no Coriolis force or friction. The only physical parameterization was the microphysics scheme and the other physical processes were turned off, including radiation, vertical diffusion including planetary boundary layer physics, land surface, and deep convection due to the cumulus parameterization scheme.
The Weather Research and Forecasting double-moment and single-moment (WDM and WSM, respectively) experiments with the WDM6 and WSM6 schemes, respectively, were conducted to investigate the overall impact of the double-moment treatment on the simulated storm. In addition to these two experiments, an additional sensitivity experiment, the WARM experiment, was performed to explore fundamental differences between the two schemes (Table 2 ). In the WARM experiment, all the warm-rain microphysics such as the autoconversion process (Praut) and the accretion process of cloud water by rain (Pracw) in the WDM6 scheme are replaced by the formulae in the WSM6 microphysics scheme.
Raindrop size distribution following the normalized form from Eq. (1) is also changed to the exponential form from Eq. (3) (see Table 1 ). Thus, differences between the WARM and WSM experiments can be attributed to the prognostic versus diagnostic rain number concentrations in microphysics terms. The aerosol effects on the cloudrain properties and surface precipitation were also investigated by varying the initial CCN number concentration. Because the major purpose of the idealized experiments is to evaluate whether the WDM6 scheme is correctly implemented by comparing the simulated 2D storm structure with the WSM6 scheme and to illuminate the fundamental differences between the two approaches, the discussion will be focused on the differences in the microphysical properties of the simulated storm and associated storm morphology, rather than the interaction between the microphysics and storm dynamics.
Results

a. Comparison between the WDM and WSM experiments
The evolution of the storm is shown for each simulation by a time series of maximum/minimum vertical velocities TABLE 1. Major differences in warm-rain microphysical properties between the WSM6 and WDM6 schemes.
Properties
Option Value 
TABLE 2. Description of experiments conducted in this study.
EXP Description
WSM WRF single-moment 6-class microphysics scheme WDM WRF double-moment 6-class microphysics scheme WARM As in WDM, but with the warm-rain physics and size distribution function for rain in WSM and constant number concentration for water droplets and domain-averaged rain rate in Fig. 4 . Updrafts and downdrafts are more transient in terms of peak intensity during the first 2 h of the simulations and another peak is shown at approximately 4 h in both the WDM and WSM experiments, before reaching a mature quasiequilibrium phase (Figs. 4a,b) . For both experiments, the domain-averaged rain rate increases during the initial phase before reaching a quasi-equilibrium state after approximately 5 h of integration, showing the similar trends of surface rainfall (Fig. 4c) . Overall, the WDM experiment produces slightly more rain than the WSM during the 7-h integration period (i.e., domain-averaged accumulated amount of precipitation is 8.58 mm in the WDM and 8.39 mm in the WSM). Figure 5 shows the Hovmö ller plots of the surface rainfall rate and maximum vertical reflectivity from the WDM and WSM experiments. Reflectivity was calculated using a simulated equivalent reflectivity factor, which is defined as the sixth moment of the drop size distribution based on the available mixing ratios and number concentrations for precipitation species (rain, snow, and graupel). Bright band (a band of high reflectivity), which is thought to be caused by a liquid skin on melting snow flakes and the enhanced aggregation that occurs among sticky snow flakes, was considered by simply setting the dielectric ratio to 1 in the calculation of equivalent reflectivities for snow and graupel in regions where T $ 08C . After 3 h of simulation, areas of light rain rate in the stratiform region are much larger in the WSM run (cf. Figs. 5a,b) , even though the domain-averaged precipitation rate is fairly similar between the runs (Fig. 4c) . The development of new precipitating cells ahead of the gust front in the established storm's forward environment is visible in both runs with discrete propagation at approximately 4 h of the simulation, which is related to vertically trapped gravity waves (Fovell et al. 2006) , as seen in Morrison et al. (2009) . Overall, features of the storm evolution are better demonstrated in the maximum reflectivity (Figs. 5c,d ). The intensity of the reflectivity is relatively strong in the leading edge in the WDM experiment, whereas in the WSM experiment it is rather uniform from the convection core to the stratiform region. Different evolutions of convective cells between the WDM and WSM runs are further revealed by comparing the snapshots of hydrometeors, with wind vectors and cold pool at 4 and 6 h of the simulation in Fig. 6 . The characteristics of the mesoscale convective system have been evaluated through many observational and modeling studies (Rutledge and MacGorman 1990; Biggerstaff and Houze 1991a,b; Zipser 1977; Bernardet and Cotton 1998; Nagarajan et al. 2004; Li et al. 2009a,b) . According to the conceptual model based on observational studies of the kinematic, the thermodynamic structure, and the environmental feature of a convective line with trailing stratiform, the convective upshear-tilted motion is known to begin in the boundary layer near the gust front, extending up through the convection region, and slope more gently into the trailing stratiform cloud FIG. 5 . Hovmö ller plots of the surface rainfall rate for the (a) WDM and (b) WSM simulations. The contour interval is every 1 mm (10 min) for rates between 0 and 4 mm (10 min) and every 3 mm (10 min) for rates greater than 4 mm (10 min). To highlight the stratiform rain region, precipitation rates between 0.05 and 4 mm (10 min) are shaded gray. (c),(d) The maximum reflectivity from the WDM and WSM, respectively. at middle to upper levels. It should be noted that the kinematic structure of squall lines is typically more complex and often includes a distinct mesoscale updraft at mid-and upper levels as well as a downdraft to the rear of the convective core (Biggerstaff and Houze 1991a) .
The previously stated features appear in both simulations at 4 h (Figs. 6a,b) . Initiation of convection cells ahead of an existing storm in both runs is responsible for the sharply developed convective cell at approximately 375 km along the x direction in the WDM run and 360 km in the WSM run. The newly initiated convective cells that merged with the oncoming storm further developed into the mesoscale convective system, and the trailing stratiform clouds became separated with new clouds in both runs. Inside of the core convective region, both experiments show strong rainfall intensity of over 50 dBZ with a maximum approximately at 4 km from the surface (cf. Figs. 6c,d) . A general trend of downward motion in a current of rear inflow runs under the base of the trailing stratiform region just below the 08C level, where the radar bright band is relatively distinct in the WDM6 run. The WSM run extends strong reflectivity to the ground level over the stratiform region, as compared to the WDM run. The convection at grid point approximately 175 in the double-moment scheme may be due to a low rain number concentration near the surface, which can enhance the instability near the surface through inefficient evaporation of raindrops, as compared to the value in the single-moment scheme, which results in inefficient evaporation of raindrops (as shown later). The separation of the stratiform rain from the convective core is more distinct in the WDM run than in the WSM run, accompanying the weak reflectivity approximately at 300 km. Meanwhile, Li et al. (2009a) demonstrated that cellular convective structures in the form of highreflectivity cores over the stratiform region, as seen in Figs. 6c,d, were simulated by the bulk microphysics simulation, whereas the stratiform region in the bin simulation is homogeneous with no sign of convective cells embedded.
Low-level downdrafts under the convective core are associated with the heavy rain showers and feed the pool of cold that accumulates below the convective region, whose leading edge is the gust front forming the leading edge of the mesoscale system (Roux 1988; Houze 1993) . At 6 h (Fig. 7) , a distinct feature observed in the WDM run is the organized downdrafts at 380 km in the x direction with a strengthened cold pool, leading a slightly faster movement of the convective system than the WSM run. This type of rear inflow slantwise circulation over the convective region is weaker and more localized in the WSM run (Figs. 7a,b) , which leads to narrower convective precipitation behind the gust front (see Figs. 5a,b) . Meanwhile, the horizontal extent of the storm accompanying surface precipitation is broader in the WSM run than in the WDM run.
Analysis of the radar reflectivity reveals a clear difference in the storm morphology (Figs. 7c,d) . A large stratiform area develops from older cells blending together as the cells begin to weaken. Each convective element goes through a life cycle, which at the end weakens and becomes a component of a region of stratiform precipitation falling from the midlevel base of the general stratiform cloud shield, in agreement with the study of FIG. 7 . As in Fig. 6 , but at t 5 6 h. Leary and Houze (1979) . When several neighboring cells reach this stage, the cells may become indistinguishable from each other, and together they can form an extensive region of stratiform rain with a continuous melting layer. The relatively extensive area of stratiform rain in the WSM run results from the smaller rain number concentrations, which fall faster to reach the ground than in the WDM run. The WDM run shows significantly less precipitation near the surface over the corresponding region, indicating an enhanced evaporation of raindrops.
The vertical profiles of the domain-averaged condensates obtained from the WDM and WSM experiments and their differences are plotted in Fig. 8 . Both experiments produce similar profiles of ice phases such as ice, snow, and graupel (Figs. 8a,b) because the WDM6 scheme follows the cold-rain process of the WSM6 scheme and the added processes in the WDM6 scheme do not affect the ice-phases properties directly. The increase of the rainwater mixing ratio below 5 km with less cloud droplet mixing ratio is pronounced when the WDM6 scheme is used (Fig. 8c) . The increase of rainwater above the freezing level in the case of the WDM run would reflect an active conversion of cloud droplets to rain when the cloud number concentration is low (see Fig. 3b ). Decreased snow in the middle troposphere can be deduced from the ineffective conversion from cloud ice to snow, rather than to graupel through the accretion process of cloud ice by rain (Praci).
To further illustrate the reason for abundant raindrops in the middle lower troposphere in the case of the WDM6 physics, the averaged mixing ratios between 5 and 6 h in Figs. 9a,b were examined after the simulations have attained quasiequilibrium. In both runs, the amount of rainwater is localized over the convective core region but with more trailing stratiform rain reaching the surface in the WSM experiment. The magnitude of the mixing ratio in the convective core region from the WDM run is approximately doubled, compared with that from the WSM run. The WDM run produces rainwater above the melting layer in the stratiform region, which is not shown in the WSM run. Skofronick-Jackson et al. (2003) showed that the rain content can exist above the 08C level over the quasi-stratiform cloud region from the airborne active and wideband (10-240 GHz) passive observation. Rain number concentrations N R with the 2 different microphysics schemes as a prognostic variable in the WDM and a diagnosed variable in the WSM are also presented in Figs. 9c,d . The WDM6 physics show larger N R except for the lower level near the surface as compared to the WSM6 physics, which has a rather uniform distribution in the vertical direction and a significantly smaller N R overall. The WDM run also produces more N R over the convective core region than in the trailing stratiform region. The subject of N R will be further discussed in the later part of this section. Along the bright band below the freezing level that was identified by previous studies (e.g., Biggerstaff and Houze 1991a,b) , the WDM run produces abundant raindrops, which hang over the melting layer but do not fall to the ground. Penetration of N R and q R above the melting
FIG. 9. Rain mixing ratio (g kg
21
) averaged between 5 and 6 h as a function of the relative distance from the leading edge of precipitation from the (a) WDM and (b) WSM experiments and rain number concentration (m 23 ) averaged between 5 and 6 h as a prognostic variable in the (c) WDM experiment and as a diagnosed variable, which is calculated using the slope of the rain size distribution and intercept parameter of rain in the WSM6 microphysics scheme, in the (d) WSM experiment.
layer, which can be caused by either local production of autoconversion or transport from below the melting level, is prominent in the WDM run. These characteristics are less distinct with an ambiguous boundary of the convective and stratiform region in the WSM run.
A close inspection reveals the melting processes of snow and graupel (Nsmlt, Nseml, Ngmlt, and Ngeml) are the main source terms for the rain number concentration at the melting level, with significantly higher rain number concentration in the WDM run. This increase in N R induces the raindrops to fall slower with the increase of mass below the melting layer, which is why intense reflectivity appears over the melting layer (3-5 km). Consequently, the enhanced evaporation of raindrops due to high N R results in the significant reduction of precipitation reaching the surface. This point will be further addressed in the sensitivity experiment. Figure 10 shows the simulated number concentration of CCN and cloud water in the WDM run. Notably, most CCN are activated over the convective core region, where an abundant amount of cloud droplets are generated. The reduction of the CCN is pronounced inside the storm and at lower levels behind the passage of the storm. The alternating banded pattern of CCN fields outside of a cloud shown in Fig. 10a seems to be due to the propagation of a gravity wave originating from a strong convection. The alternating updrafts and downdrafts were analyzed outside a storm (not shown). The activation of the CCN along the updrafts (supersaturation) and its generation along the downdraft regions (subsaturation) could produce such banded patterns. The CCN of less than 0.01 cm 23 applies to the area of cloud number concentration greater than 3 cm 23 , whereas its magnitude is much less than in the WSM run, in which the cloud water number concentration is prescribed as a constant value of 300 cm
23
. The predicted number concentration of cloud droplets in the WDM experiment was found to follow the distribution of cloud water (Fig. 10b) .
A direct comparison of the magnitude of the cloud number concentration between the WDM and WSM runs is less meaningful because the CCN interacts explicitly with cloud droplets in the WDM6 scheme. Additionally, the magnitude of CCN and cloud water number concentrations in the WDM6 scheme cannot be justified in this paper, although the prognostic CCN is correctly coupled with the hydrometeors in association with the characteristics of the storm. Preliminary sensitivity results also showed that the increase of initial CCN tends to increase cloud number concentrations and decrease rain number concentrations, reflecting the cloud-aerosol interaction revealed by previous studies (Ramanathan et al. 2001; Wang 2005; Khain et al. 2008 ). Responses of the cloud properties, including the cloud number concentration and mean volume diameter with the CCN number concentration, will be discussed in section 4b in detail. Figure 11 shows the storm characteristics from the WARM experiment. As expected, the storm morphology from the WARM experiment has characteristics of both the WDM6 in terms of overall morphology and the WSM6 in terms of detailed structures. The Hovmö ller plot for rain rate in the WARM experiment largely follows the evolutionary feature from the WDM experiment but with a weakened intensity of rain rate over the convective core region and widespread stratiform precipitation (cf., Figs. 5a and 11a). Note that narrower distribution of precipitation in the convective core from the WARM run resembles the feature simulated by the WSM run (see Fig. 5b ). Enhanced stratiform precipitation activity is visible in the radar reflectivity. The mixing ratios of rainwater (Fig. 11c ) also show an intermediate characteristic (see Figs. 9a,b) , but the corresponding rain number concentrations (Fig. 11d) are very similar to the WDM run in terms of magnitude (see Figs. 9c,d) . Because all the warm-rain physics for clouds and rain are identical for both the WARM and WSM experiments, the differences between the two may be caused by the effects of the rain number concentrations. The order of N R is 10 3 and 10 4 m 23 in the WSM and WARM experiments, respectively, whereas the magnitude of N R is similar for both the WARM and WDM experiments. Thus, more raindrops with relatively small size in the double-moment approach were produced by the added melting processes of snow and graupel, leading to larger mixing ratios for rain and enhanced reflectivity near the freezing level. The higher N R in the doublemoment approach leads to enhanced evaporation below, with a few raindrops falling to the ground over the stratiform region. Differences in perturbation potential temperature between the WARM and WSM simulations confirmed the effective evaporation process of small drops (data not shown).
Meanwhile, it is confirmed that an intercept parameter of rain N 0R in the convective core is smaller than that in the stratiform cloud region in the case of the WARM experiment. The WARM experiment can reproduce the observed shift of N 0R with a more flexible raindrop size distribution (Joss et al. 1970; Waldvogel 1974) . Similar distributions of N R between the WARM and WDM experiments confirm that the double-moment approach in the WDM6 microphysics scheme improves the raindrop property, reducing the light precipitation. The WSM cannot explain the shift of N 0R from the weak convection region to the strong convection region by adopting a constant value for N 0R , which corresponds to the value describing the medium and strong convection activity region in the Waldvogel (1974) , even though direct comparison is not possible between the values from the idealized squall-line simulation and the ones from the observation. Waldvogel (1974) mentioned that the N 0R decreases with increasing convective activity and the shift of N 0R could occur in the stratiform region with the changes in microphysics of hydrometeors. Waldvogel (1974) also showed that in the continuous widespread rain case there was a change in the magnitude of N 0R , which can vary between the 10 6 m 24 and 10 8 m 24 . Figure 12 shows the probability distribution functions (PDFs) of the WRF-simulated surface rainfall intensity. Compared to the results from the WSM experiment, the WDM experiment tends to reduce the light precipitation activity, whereas the increase of moderate and heavy precipitation is evident. The WARM experiment increases (decreases) the light (heavy) precipitation toward the results from the WSM experiment but is not entirely compensated. The comparisons of PDFs from the three experiments, together with the figures shown in this section, ascertain that the reduction of light and moderate precipitation activities in the WDM6 physics against the WSM6 physics is a combined effect of prognostic rain number concentration and warm-rain microphysics introduced in the WDM6, whereas the increase of heavy precipitation is largely due to the warm-rain microphysics shown in Table 1 .
b. CCN effects on precipitation
The impact of the aerosol concentrations on hydrometeors and surface precipitation can be evaluated by varying the number and mass of aerosols at the initial time, as is reflected in the changes in the number concentrations of CCN. The control experiment, which employs the initial CCN number concentration as 100 cm 23 in the WDM6 microphysics scheme, was evaluated on an idealized 2D thunderstorm test bed in section 3a. Additional experiments with six different initial CCN number concentrations from 500 cm 23 to 8000 cm 23 were conducted. Here, we will focus on the properties of cloud and rain substances and surface precipitation in response to the aerosol concentrations to figure out the intrinsic behaviors of the WDM6 scheme, which could provide guidance to the study of aerosol-cloud feedback. The evolutionary feature of the simulated surface precipitation becomes complicated with respect to the varying CCN number concentration after the first cell at 4 h; thus, only the results averaged for the first 4 h of integration time are shown. Figure 13 shows the simulated cloud and properties with different initial CCN number concentrations. Here, N C monotonically increases as the initial CCN number concentration increases (Fig. 13a) . The N C varies from 25.51 to 2035.61 cm 23 in response to the CCN number concentrations increasing from 100 to 8000 cm 23 over the cloudy area. The increase of N C with the CCN number indicates enhanced activation of aerosols to form cloud droplets, as have been found in previous numerical modeling studies (i.e., Fan et al. 2007; Li et al. 2008) . In contrast, the effective droplet size decreases with an increasing CCN number concentration, reflecting a reduced supersaturation when a large number of cloud droplets compete for a fixed amount of available water vapor (Fig. 13b) . Raindrop properties show opposite responses with respect to the varying CCN number concentration compared with cloud droplet properties (Figs.  13c,d ). In general, the simulated number concentration of raindrops decreases rapidly with an increasing CCN number concentration because a large number of small cloud droplets hinder the effective autoconversion process from cloud water to rain. However, the slightly increasing trend of the simulated rain number concentration is shown for CCN greater than 5000 cm 23 , which is due to the saturated environment with an enhanced evaporation rate of a large number of small cloud droplets, as the CCN number concentration increases. The raindrops are not converted into the cloud droplets under the saturated environment. Comparatively, raindropmean-volume radius shows the opposite response with variations in the CCN number concentration.
Domain-averaged total precipitation with respect to the initial CCN number concentration is shown in Fig. 14 . When the CCN number concentration is relatively small, the total precipitation increases with the CCN number concentration from 100 cm 23 to 3000 cm
23
. The precipitation amount decreases sharply when the CCN number concentration is over 3000 cm
. The enhanced precipitation with increasing aerosols at lower CCN is explained by the suppressed conversion of cloud droplets to raindrops but enhanced convective strength, which causes less efficient warm rain but more mixedphase processes, corresponding with the results of Li et al. (2008) . Meanwhile, the decreased precipitation in the high-CCN condition is due to the extremely suppressed conversion from cloud droplets to raindrops. Li et al. (2008) simulated deep cumulus under a relatively small wind shear and humid environment and found out that the hydrometeors cannot grow to a sufficiently large size to survive evaporation with extremely high aerosol condition. Thus, the total precipitation is decreased or completely suppressed. However, the responses of aerosols on precipitation could be nonmonotonic and vary under different meteorological and aerosol conditions because of the complicated coupling between the cloud microphysics and dynamics (Seifert and Beheng 2006; Li et al. 2008 ).
Concluding remarks
A new bulk microphysics scheme, the WDM6, has been developed by adding a double-moment treatment for the warm-rain process into the WSM6 scheme. The CCN number concentration is also predicted in the WDM6 scheme, based on the relationships between the number of activated CCN and environmental supersaturation value. The new scheme is implemented into the WRF model and tested within a 2D idealized thunderstorm test bed. The WDM6 microphysics scheme specifies the particle size distributions of various hydrometeors types and typically solves prognostic equations of a mixing ratio and number concentration for each type as in other double-moment microphysics schemes of regionalscale models. The major differences between the WDM6 and other double-moment bulk microphysics schemes in the WRF model (e.g., Thompson et al. 2008; Morrison et al. 2005 ) is the inclusion of prognostic equations for the cloud water and CCN number concentrations, which allows for the possibility of investigating the aerosol effects on cloud properties and the precipitation process. The number concentrations of ice species such as graupel, snow, and ice are diagnosed following the ice-phase microphysics of Hong et al. (2004) , whereas the number concentrations of ice phases are predicted in the Thompson and Morrison scheme (i.e., number concentration of cloud ice in the Thompson scheme, and cloud ice, graupel, and snow in the Morrison scheme).
The overall resemblance of the storm morphology and its evolutionary features from the idealized 2D experiments with the WSM6 and WDM6 schemes ensures that the predicted number concentrations for cloud and rainwater, coupled with the CCN processes, are correctly implemented. In addition, varying the CCN number concentration has nonmonotonic impacts on rainfall amount. To be consistent with the previous observational studies (Waldvogel 1974; Tokay and Short 1996) , relatively high drop concentrations in the convective core due to collision-coalescence versus low drop concentrations in the stratiform region due to the enhanced rain formation by the melting process of ice particles are reproduced by the double-moment approach. Conversely, in the singlemoment scheme the boundary between the convective and stratiform regions is unclear and the distribution of the rain number concentration is uniform in the vertical direction, with relatively small rain number concentrations and weak radar reflectivity compared to the double-moment scheme. The overall increase of raindrop concentrations in the double-moment scheme results in excessive evaporation in the stratiform region, which leads to a significant reduction of surface rainfall.
Additionally, the impact of the double-moment scheme over the single-moment scheme on the simulated storm differs in Morrison et al. (2009) and in this study. Morrison et al. (2009) showed that the reduced rain evaporation rates with larger mean drop size over the trailing stratiform region in the double-moment method compared to the single-moment method leads to enhanced precipitation, whereas increased rain evaporation rates in a convective region show the opposite response. This study shows a different response over the stratiform/ convective core region. The determination of what causes different responses from the single-to double-moment approaches between Morrison et al. (2009) and the results from this study is not straightforward because fundamental differences exist between the double-moment schemes in both studies. The absence of enhanced melting processes of snow and graupel in Morrison et al. (2009) can partly explain the different responses. Meanwhile, Li et al. (2009a) showed that the bin microphysics scheme tends to produce enhanced light rain with a suppressed evaporation rate as compared to the bulk microphysics scheme. Morrison et al. (2009 ), Li et al. (2009a , and the present study indicate that the rain number concentration plays an important role in determining the precipitation rate and storm morphology because it modulates the related microphysics terms, in particular, the evaporation rate.
As demonstrated in the idealized 2D frameworks in this study, behaviors of the WDM6 scheme against the WSM6 scheme, such as enhanced radar reflectivity and the weakened (strengthened) light (heavy) precipitation activities, would alleviate several systematic biases of the WSM6 scheme with little reflectivity (J. Kain 2008, personal communication) and excessive light precipitation (Shi et al. 2007 ). However, a more robust evaluation of the hydrometeor profile including the CCN distribution is necessary. A preliminary evaluation of the WDM6 scheme against the WSM6 scheme confirmed that the precipitation forecasts over Korea from June to August 2008 are generally improved in terms of the skill statistics (Hong and Lim 2009) .
One of the strengths of the WDM6 scheme is its ability to represent major characteristics of the double-moment microphysics scheme in terms of radar reflectivity and number concentrations of rain, as seen in observational studies at a modest computational cost (the WDM6 code has a 30% extra computing burden in terms of the total run time than the WSM6 code in a 3D real-case run), in order for the scheme to be applicable not only in a nonhydrostatic mesoscale model for weather forecasts but also in global models for climate studies. Not reported in this study, another double-moment scheme, the WRF double-moment 5-class (WDM5) scheme, was also developed by adding the number concentrations for warm-phase physics to the WRF single-moment 5-class (WSM5) scheme. This simplicity is theoretically based on the fact that the prediction of ice-phase number concentrations has significantly less impact on the results than the prediction of warmphase concentrations in deep convective cases (Morrison et al. 2009 ).
The advantage in computation also makes the scheme suitable for realistic 3D numerical experiments such as the large-eddy simulation (LES) of precipitating stratus to detailed studies of warm precipitating systems. Part of the success of this double-moment scheme relies on its capacity to handle explicit representation of the CCN number concentration, even though the quantitative evaluation of the simulated CCN should be evaluated. Incorporation of a subgrid vertical velocity derived from the planetary boundary layer and turbulence diffusion scheme into the CCN activation process (Ghan et al. 1997; Morrison et al. 2005; Morrison and Pinto 2005) would be more physically reasonable in estimating S max , which can be pursued in future studies. The new double-moment schemes introduced in the present study, the WDM6 and the WDM5 schemes, were implemented in WRF version 3.1, which was released in April 2009. their gratitude to Jimy Dudhia for sharing ideas in the early stage of WDM6 development. Appreciation is also extended to Hugh Morrison and Jean-Pierre Pinty for helpful discussions regarding the double-moment issues.
APPENDIX
Microphysical Processes for the Prediction of Number Concentration in the WDM6 Scheme a. Production term for CCN number concentration
The activation rate of the CCN number concentration can be expressed as
where nucleation growth occurs with the supersaturation environment. The CCN number concentration shows a small variation in the vertical direction. Yum and Hudson (2002) reported the CCN value of 163 cm 23 for the maritime and 1023 cm 23 for the continental-type air mass with the 0.6% supersaturation in the Atlantic Stratocumulus Transition Experiment (ASTEX) measurement project. The authors of the present study understand that accurate 3D CCN information is an important aspect in model simulation. However, obtaining CCN information in both the horizontal and vertical directions in real time is difficult. In this study, the typical value of marine-type CCN (100 cm 23 ) was chosen, which is considered to be the initial value of CCN number concentration. In the preliminary tests, the initial CCN number concentration was determined to not have much impact on the cloud and precipitation process for the double or half value of the CCN number concentration in the WDM6 scheme.
2) EVAPORATION (NCEVP)
The drop concentration does not change during the condensation. The drop concentration can be changed, however, when cloud drops are completely evaporated. Based on CP2000, evaporated cloud droplets are added into the total CCN population:
Any other source and sink terms including the scavenging process by precipitation are neglected.
b. Production term for cloud droplet number concentration
The production term for cloud water may be written for two temperature regimes:
d If the temperature is below 08C (T , T 0 )
Ncact is presented by (A2).
2) AUTOCONVERSION (NCACT)
The autoconversion parameterization is obtained from the parameterization proposed by CP2000 and can be expressed as
where L denotes the characteristic water content, and t represents time-scale characteristics and are represented in Eqs. (9.1) and (9.2) in the text, respectively. When the rain mixing ratio reaches 1.2 3 L, the autoconversion process will switch into the feeding regime. In the feeding regime, Nraut is expressed as the following:
The autoconversion process occurs only if D C . 15 mm, where D C represents the mean-volume-drop diameter of rainwater and is expressed as
3) SELF-COLLECTIONS (NCCOL)
The self-collection of CP2000, which is obtained from the analytical integration of the stochastic collection equation, was adopted by the authors. This process represents the coalescence of particles in a manner that the resulting particle remains within the same hydrometeor's category; thus, leading to changes only in number concentration but not in the mixing ratio:
4) ACCRETION (NRACW, NSACW, AND NGACW)
Number concentration of cloud water decreases by the accretion of other species, such as rainwater, snow, and ice.
Accretion of cloud water by rain follows the accretion of CP2000, which is turned off until the rain mixing ratio reaches 1.2 3 L. Nracw is divided into two regimes according to the magnitude of
where D R represents the mean-volume-drop diameter of rainwater and is expressed as
The collection of cloud water by snow is assumed to follow the continuous collection equation suggested by Ikawa and Saito (1991) and can be expressed as
with the assumption that cloud water does not sediment, and its size is small enough to ignore the comparison of the snow size. Thus, the accretion of cloud water by snow can be expressed in a bulk formula as follows:
The accretion of cloud water by graupel is similar to (A11) and is expressed as
The mass-weighted terminal velocity for the snow and graupel species suggested by Dudhia et al. (2008) is used in the present study.
5) EVAPORATION (NREVP AND NCEVP)
If the mean-volume-drop diameter of rainwater becomes smaller than 82 mm and the air is subsaturated with respect to water, then all raindrops are converted into cloud drops,
Based on Khairoutdinov and Kogan (2000) , changes in mass (Prevp_rc) corresponding to the raindrop evaporation are added to the cloud water mass:
Ncevp is also presented by (A3).
6) FREEZING (NIHTF AND NIHMF)
According to Wisner et al. (1972) and Bigg (1953) , the decreased number concentration rate of cloud water by the heterogeneous freezing of cloud water is given by
This term represents another sink term of the cloud droplets number concentration and the process occurs when 2408C , T , T 0 . The homogeneous freezing of cloud water (Nihmf) also serves as a sink term for cloud droplets when the temperature is below 2408C:
Melting of cloud ice to form cloud water is assumed to occur instantaneously, if T $ T 0 and is given by
c. Production term for raindrop number concentration
The production term for rain may be written for two temperature regimes:
d If the temperature is below 08C (T , T 0 ), then
d If the temperature is above 08C (T $ T 0 ), then
1) AUTOCONVERSION (NRAUT)
Nraut is presented by (A6).
2) SELF-COLLECTION AND RAINDROP BREAKUP (NRCOL)
Collisional breakup is the only break up effect that is considered in the following formula for its significant contribution to the slope parameter l at the edge of raindrop distributions (Srivastava 1978) . The break up process can be interpreted as a perturbation affecting the formulation of the raindrop self-collection term, as suggested in CP2000. The self-collection can be written as the following: where E C 5 exp[22.5 3 10 3 (D R 2 6 3 10
24
)] The self-collection process of rain is turned off until the rain mixing ratio reaches 1.2 3 L.
3) ACCRETION (NSACR, NGACR, AND NIACR)
The accretion of rain by snow is also assumed to follow the continuous collection equation, which can be expressed as
Assuming the difference in the sedimentation velocity for snow and rain with respect to the diameter of snow can be neglected, the loss term for accretion of rain by snow is given by
Similarly, the accretion of rain by graupel is as follows:
The loss term of the rain number concentration by the accretion of rain by cloud ice is obtained by multiplying the rate at which a cloud ice particle collides with a raindrop (assuming the probability for the existence of a rain particle is uniform throughout the volume) by the number concentration of cloud ice. The collection of rain by cloud ice is also assumed to follow the continuous equation and is given by 
4) EVAPORATION (NREVP)
Nrevp is given by (A14).
5) FREEZING (NGFRZ)
The equation for freezing of rainwater is also based on Wisner et al. (1972) and Bigg (1953) and is expressed as
6) MELTING (NSMLT, NSEML, NGMLT, AND NGEML)
The number concentration of rainwater is also affected by the melting processes of snow and graupel. The authors of the present study assume that the melted graupel-snow number concentration is equal to the raindrop number concentration. The effect of snow melting is expressed as Similarly, the melting of graupel affects the number concentration of rainwater and is of the following form:
The melting of snow and graupel is enhanced by the accretion of cloud water and rain and can be expressed as
and
The accretion process of cloud water by snow and graupel is not added to the number concentration of rainwater because the effect is considered in the enhanced melting processes.
